Using Yeh's matrix formalism, the approximate formulas for the magneto-optical effects in reflection from semiinfinite orthorhombic crystal with symmetry axes parallel to the Cartesian axes are derived for a general orientation of the magnetization vector. The magneto-optical (MO) effects in such structures are usually calculated numerically, but theoretical formulas give us physical insight into these effects and an good understanding of their symmetry properties. The near normal incidence approximation allows to study effects, which appear in the case of small angle of incidence in the contrast to the normal incidence. Different dependencies of these effects on the sample rotation allow us to distinguish between trigonal, tertragonal and hexagonal structures including and missing two-fold in-plane symmetry axis. The theoretical description of the magneto-optical effects can be applied to the magneto-optical ellipsometry, which is very sensitive nondestructive methods suitable for study of magnetic anisotropy, magnetization reversal properties of nanostructures, and exchange coupling.
INTRODUCTION
Magneto-optical effects are widely applied to study of magnetism of structures -from bulk to nanostructures. Technique based on these effects, for example magneto-optical ellipsometry, are very sensitive nondestructive methods suitable for study of magnetic anisotropy, magnetization reversal properties of nanostructures, and exchange coupling.
1, 2 Practical applications of magneto-optical effects are e.g. in constructions of magnetic field sensors 3 and magnetophotonic insulators. 4 It is usual, that the MO models of the structures are obtained using numerical methods based on matrix algebra.
5
On the other hand, analytical investigation of electromagnetic response of the magnetized structure gives us physical insight into these effects and good understanding of their symmetry properties. Although the analytical formulas are even in the simple situations very extensive and complicate, some approximations allow to obtain formulas in compact and synoptical forms. The approximation of small magneto-optical angles is very appropriate because of the fact, that these angles are in most cases ∼mrad. This fact also allows us to use the 2-order Taylor polynomial approximation, which keeps investigated linear and quadratic terms. The higher-order effects are also neglected. The near normal incidence approximation (ϕ 0 1→sinϕ 0 ≈ ϕ 0 ) allows to study effects, which appear in the case of small angle of incidence ϕ 0 in the cotrast to the normal incidence. This configuration is also experimentally more applicable. These approaches were used for investigation of magneto-optical response in reflection from crystals with diverse symmetries e.g. a cubic crystal magnetized parallel to the interface, an orthorombic crystal magnetized in special directions of magnetization vector at the normal incidence 6 , a uniaxial crystal with a general magnetization direction at the near normal incidence, 7 etc. There is a need to understand dependence of linear and quadratic magneto-optical effects for general magnetization direction in orthorombic crystal. As will be shown, some of these effects are very sensitive on the crystal symmetry. This fact could be used for study of symmetries of the structures.
This article deals with analytical analysis of magneto-optical effects in reflection from structures with reduced symmetry. In Section 2, the permittivity tensor of a magnetically ordered structure is defined. The approximate formulas for the MO response, which was derived using the near normal incidence approximation, are discussed in Section 3. We show the dependencies of the linear and quadratic effects on the crystals symmetries.
MAGNETO-OPTICAL MATERIAL TENSORS
The magneto-optical properties of the structures with reduced symmetry are described by employing tensor analysis. In general, a tensor of rank n is a mathematical object with n suffixes, T ijk... , which obeys the transformation law
where a are the components of the rotation matrix A between frames. The product (1) represent the Cartesian tensor transformation. The Einstein summation convention over coordinates x, y, z is employeed.
Magneto-optical properties of the magnetized medium are described using the permittivity tensorε, which can be expanded into the series
where ε
ij are the components of the permittivity tensor without the magnetization (M = 0) and K ijk and G ijkl are the components of the linear and quadratic magneto-optical tensors. The application of the Onsager's principle
and including the symmetries of the crystal reduce a number of the independent tensor components. The derivation of the particular forms of the tensors is based on the symmetry operations. These operations doesn't change the tensor form. For example, let us have the orthorombic axes parallel to the Cartesian axes. By using the symmetry operation the rotation by the angle π about the axes x, y and z, we obtain linear and quadratic tensors of the orthorhombic system. We can write following equations for the permittivity components in the reduced form ⎛
Tensors for all 32 crystal classes were derived by Višňovský. 
LINEAR AND QUADRATIC MAGNETO-OPTICAL EFFECTS

Analytical formulas
For description of the magneto-optical response we use the complex magneto-optical angle
where two magneto-optical angles, Kerr rotation θ s,p and ellipticity s,p , can be defined for incident s-and p-polarized light using approximation of small angles The sign definition is demonstrated in Fig. 1 .
Let us consider the semi-infinite orthorombic crystal, which has axes parallel to the Cartesian axes. The permittivity tensor can be written in the following form
where x has no physical meaning, but shows, how the components depend on the magnetization. The near normal incidence approximation, where N y = n 0 sinϕ 0 ≈ n 0 ϕ 0 , was employed. Using the Yehs matrix formalism, the formulae for the MO complex angle was derived. At final, the 2-order Maclaurin polynomial approximation, which keeps linear (x) and quadratic terms (x 2 ), was used. We obtain the folowing formulae
In the case of the normal incidence, the reflection coefficients have the folowing compact form
(1)
12 n0 n0 + ε
As can be seen, in the case without magnetization, expressions (11) and (14) turn to the expressions known as the Fresnel equations. Expressions derived for orthorombic system describe uniaxial structure in the special case ε 22 = ε 11 , indeed. In the folowing sections, the MO complex angle (10) will be discussed. Note, that three components of the magnetization vector are defined -polar, longitudinal and transverse (see Fig. 2 ). 
Linear magneto-optical effects
The first fraction in (10) depends on ε (1) xy , which is equal to ε I should note, that the linear polar effect can be used for sensing of polar component of magnetization vector M z at the normal incidence. On the other hand, the obligue incidence configuration could be useful for determination of the in-plane magnetization components M x and M y .
Quadratic magneto-optical effects
Orthorombic crystal
In the case of the normal incidence, we can observe quadratic effects, which depend on the in-plane magnetization components. First, in the second term we have a product of ε
Second contribution is given by quadratic tensor element ε (2) xy = 2G xyxy M x M y . When we setup near normal incidence, new quadratic contributions appear. In the third term we have ε (2) zx = 2G zxzx M z M x and in the fourth term appears a product of ε (1) 
Those new contributions also do not depend on the longitudinal component M y . We will not consider the rotation of the crystal about z axis, because the tensor element ε (0) xy is not included in our calculation.
Uniaxial crystal
In the contrast to the orthorombic structure, permitivity components ε (0) ij and ε (1) ij of the uniaxial crystal are independent on the crystal rotation about z axis. Thus, complex MO effect depends only on the quadratic components ε (2) xy and ε (2) zx , which are specific for each uniaxial stucture. This fact could be very useful for investigation of the symmetries of the sturctures.
Let us us consider tetragonal structure including and missing* two-fold in-plane symmetry axis. We obtain
Let us rotate with the crystal by angle φ about z axis. We obtain the tensor component ε (2) xy in the case of symmetry including two-fold in-plane axis in the form
where the parameter Γ = 1 2 (G xxxx − G xxyy − 2G xyxy ). In the case of symmetry missing two-fold in-plane axis we obtain
where specific parameter Γ * ± = G xxxy ± G xyxx allows us to distinguish between our structures. Note, that the component ε (2) zx does not depend on the sample rotation about the z axis. The case of hexagonal symmetry is simple, because the quadratic tensor is independent on the rotation about z axis. For the tensor component ε (2) xy we obtain
As can be seen, the term G * xxxy (M 
For in-plane magnetization is the formula same as in the case of hexagonal symmetry. The courses of periodical functions is evidently specific for each structure. Moreover, the component ε (2) zx depends on the sample rotation
CONCLUSIONS
The approximate formulas for the magneto-optical effects in reflection from semi-infinite orthorhombic crystal were derived for general orientation of the magnetization vector. Uniaxial structures are discussed as a special case. Different dependences of the quadratic effects on the sample rotation allow us to distinguish between trigonal, tertragonal and hexagonal structures including and missing two-fold in-plane symmetry axis.
